2005. Soil compaction and water content as factors affecting the growth of lodgepole pine seedlings on sandy clay loam soil. Can. J. Soil Sci. 85: 667-679. The response of lodgepole pine (Pinus contorta Dougl. var. latifolia Engelman.) seedlings to three levels of soil compaction and water content was evaluated in raised beds filled with a sandy clay loam soil. In compacted soils, seedling survival, height, root collar diameter and root growth were reduced. Soil water regime was adjusted with irrigation to levels associated with plant moisture stress (near wilting point) and limiting soil aeration (near 0.10 m 3 m -3 air-filled porosity). Soil water regime affected seedling performance, with higher survival, root collar diameter and root growth observed on treatments with higher water content. Compaction had detrimental effects on growth at all levels of soil water availability. Compaction and water content had strong effects on soil mechanical resistance. Limitations to seedling growth and survival were at least partly explained through their relationships with soil water content and soil mechanical resistance, and combinations of these factors as described by the least limiting water range concept. Key words: Soil compaction; soil physical properties; water availability; plant growth response; least limiting water range Bulmer, C. E. et Simpson, D. G. 2005. Le compactage et la teneur en eau du sol affectent la croissance des plantules de pin tordu dans les loams d'argile sablonneuse. Can. J. Soil Sci. 85: 667-679.
Compaction of forest soils caused by equipment traffic has the potential to reduce forest productivity (Greacen and Sands 1980; Wert and Thomas 1981) . Management techniques aimed at limiting soil disturbance and rehabilitating degraded sites have been developed in British Columbia (e.g. Carr et al. 1991 ) and elsewhere (Page-Dumroese et al. 2000) , and these efforts have continued to evolve (Curran 1999) . The costs associated with protecting sensitive soils could be reduced, and soil conservation would be improved, if reliable information was available on the factors affecting tree growth response in compacted soils in a variety of ecosystems (Powers 2002) . Such information could not only be used to better predict the effect of soil disturbance and reclamation on forest productivity, but could also lead to improved monitoring systems. Monitoring is essential to evaluate progress towards sustainable forest management as outlined, for example, in the Montreal Process (Anonymous 1995) and recent initiatives to develop criteria and indicators of sustainability (Canadian Council of Forest Ministers 2003) . Better understanding of the expected growth effects associated with measured soil conditions would also help guide operational practices by facilitating improved analysis of the economic costs (i.e. loss in productivity) associated with soil disturbance on areas affected by forest management, and the viability of rehabilitation to restore productivity to degraded areas (Richardson et al. 1999) .
Previous work in British Columbia showed that the major soil properties correlating with lodgepole pine (Pinus contorta Dougl. var. latifolia Engelman.) growth on degraded and rehabilitated soils were soil texture and depth to a root restricting layer (Plotnikoff et al. 2002) . Bulk density, which is a direct measure of compaction, was poorly correlated with height growth in retrospective field studies (Bulmer and Krzic 2003) . by soil mechanical resistance, aeration status, and soil water availability in both agricultural (da Silva et al. 1994; Laboski et al. 1998 ) and forest ecosystems (Smith et al. 1997; Zou et al. 2000) . The LLWR describes the range of soil water contents where water availability, soil mechanical resistance, and air-filled porosity do not exceed assigned values that are associated with growth limitation.
The commonly accepted thresholds for water availability are field capacity, associated with -10 J kg -1 water potential, and wilting point, at -1500 J kg -1 water potential. Wall and Heiskanen (2003) showed that air-filled porosity below 0.10 m 3 m -3 was associated with reduced growth of Norway spruce seedlings. Greacen and Sands (1980) cite a number of studies showing soil strength limitation occurring over a wide range of penetrometer resistance values (800 to 5000 kPa) for a variety of species and soil types. Although values reported as critical limits for root penetration depend on plant species, soil type, and how reduced root growth or plant response is defined, Bulmer (1998) used data from Greacen and Sands (1980) to calculate an average value of 2500 kPa as a limit beyond which plant roots appeared to have difficulty penetrating compacted soils. In a recent study of LLWR effects on seedling growth, Siegel-Issem et al. (2005) considered 2000 kPa as a growth limiting value for soil mechanical resistance, while Lipiec and Hakansson (2000) considered 3000 kPa as a limiting value in their investigations of compaction.
The LLWR can be determined for any soil, and could potentially be used as an index for assessing changes in soil quality resulting from soil disturbance. Differences in the number of days in a growing season that soil properties are out of the LLWR range may be useful for determining whether a disturbance will affect plant performance in a particular ecosystem. Hence, more information on the relationship between LLWR and plant growth is needed to test the applicability of the LLWR to forest soil conservation efforts in managed forests.
We studied lodgepole pine growing in raised beds with different combinations of soil water regime and compaction level, and evaluated seedling survival and growth after two growing seasons. Water content in the beds was controlled to produce varying levels of air-filled porosity, soil mechanical resistance and water availability in order to evaluate the growth limiting thresholds for these factors.
The objectives of this study were: (a) to document the effects of compaction and varying water content on soil properties and lodgepole pine seedling growth response, and (b) to evaluate the extent to which commonly accepted values of growth limiting factors, and the LLWR, can be used to predict the survival and growth of lodgepole pine seedlings.
METHODS
Sandy clay loam surface soil was obtained from the Kalamalka Forestry Centre in Vernon, BC. Soil chemical and physical properties are presented in Table 1 . The soil was rough-screened through a 0.5-cm mesh, and a 40-cm layer of soil was placed over a sand base (50 cm thick) in eight raised beds. Each bed was divided into three cells (1.5 m × 2.5 m) to receive one of three randomly assigned compaction levels (low, medium and high). For the low compaction treatment, soils were simply added to the beds and allowed to settle for 1 wk before planting. The medium level of compaction was achieved through addition of the soil in three "lifts", followed by a systematic process involving repeated foot tamping. The high level of compaction was achieved through a two-step process involving the same systematic foot tamping method used for the medium compaction treatment, followed by further systematic compaction of the entire area using a 20-kg tamper (12-cm diameter) dropped three times from a height of 30 cm. This process was repeated twice over the entire bed to achieve uniform compaction. The soil was moist, but not wet, at the time of compaction. A small soil penetrometer (model HFG 44, Transducer Techniques, Temecula, CA) was used during the compaction process to ensure that the results were consistent across all beds and layers. Additional penetrometer testing was carried out using a recording cone penetrometer operated in a vertical orientation to a depth of 30 cm after compaction was completed and the beds were near their target water content. These penetrometer tests showed no pattern of stratification with depth caused by the compaction process.
The soil water content in each bed was adjusted by irrigation to one of three levels (dry, moist and wet). Three beds were assigned to the wet treatment, with a target volumetric water content greater than 0.25 m 3 m -3 . Three dry beds had target volumetric water content less than 0.15 m 3 m -3 , and two moist beds had target water content of 0.18-0.23 m 3 m -3 . The climate in Vernon is characterized by dry, warm summers with 105 mm of summer precipitation and mean summer temperature of 17.6°C (Hamann and Wang 2005) . The beds were, however, exposed to varying weather conditions, and water contents in some of the beds often departed from the target levels. We also encountered some problems in achieving the target water contents because the uncompacted beds tended not to retain added water, and the highly compacted soils were slow to accept irrigation water and drained slowly. Despite these limitations, our monitoring of water content indicated that the treatments, as they were implemented, successfully exposed the seedlings to different water regimes. Soil water content was monitored approximately once per week with a model PR1 profile probe (Delta-T Devices 2001) throughout two growing seasons. A calibration procedure was carried out to determine soil specific constants for the relationship between probe output (mV) and volumetric soil water content for the three different compaction levels. We used the water content from the profile probe at the 10-20 cm depth to determine the need for irrigation.
To characterize the soil physical condition, a single bulk density sample was collected from the 0-7 cm depth within each cell (n = 24) using a 512-cm 3 core and a drop-hammer sampler. Bulk densities are presented throughout this manuscript on a dry weight basis. Samples for determination of water retention characteristics (Klute 1986) were collected from each cell at a 4-6 cm depth using a 39-cm 3 core and analyzed using a pressure plate apparatus for water content at -5, -10, -33, -100, -300, and -1500 J kg -1 . Available water storage capacity (AWSC) was calculated as the difference between the water content at field capacity (-10 J kg -1 ) and wilting point (-1500 J kg -1 ). Relative bulk density (RBD) was calculated as actual bulk density determined on beds divided by the maximum (Proctor) bulk density (Carter 1990 ).
On one occasion when the beds were near their target water content, soil mechanical resistance was determined using a hand-pushed cone penetrometer (30°cone angle with a 4 mm basal diameter). The penetrometer consisted of a digital force gauge (HFG-44 Transducer Techniques, Temecula, CA) with an attached 9-cm long penetrometer tip, and was inserted horizontally into an undisturbed face of a carefully excavated depression, at a depth of 10 cm. An average value was recorded from the gauge display once the penetrometer tip had entered the soil from 3 to 7 cm (i.e., over the middle 50% of its full length) and values were converted to cone index in kPa. Soil water content was determined using a Theta probe (Delta-T Devices 1999) at the same time and locations as soil mechanical resistance.
Approximately 1 wk after the soil compaction treatments were carried out, and irrigation commenced, 40 lodgepole pine seedlings (1 + 0 container grown nursery stock) were planted in each cell using a 2.5-cm-diameter tube sampler as a dibble. The tube created a hole that was just wide enough to allow the seedling root plug to be inserted. The planting procedure was intended to create minimal soil disturbance adjacent to the planting hole because the sampler removed a plug of soil. In this way, emerging roots were forced into treated soil as soon as they left the plug. Despite this, at the time of harvest we noted a few cases where seedling roots exploited what appeared to be softer soils below the plug, which was likely caused by pushing the dibble too deep into the soil. We do not think this source of error substantially affected our results or interpretations. Survival rates and growth were monitored for two growing seasons. Following two growing seasons, the seedlings were carefully excavated, dried at 70°C and separated into tops, root plugs, and egressed roots. Weights of each component were recorded for each seedling.
For each treatment cell, the number of days was determined where trees were expected to encounter limiting con- Table 2 ditions of one or more factors associated with the LLWR. Soil water content measured during the two growing seasons was tabulated and an interpolation procedure used to estimate water contents for days between measurements. The daily soil water content obtained from this procedure for each cell was then used to calculate an expected soil mechanical resistance and air-filled porosity for each day, and these values were also compared with critical values of soil water content associated with each of the wilting point (-1500 J kg -1 ), soil mechanical resistance (2500 kPa) and soil aeration (0.10 m 3 m -3 air-filled porosity). The number of days of limiting conditions (D LC ) was counted where soil water content was outside the LLWR, (i.e., where growth limitation was expected for any of the factors). For the purposes of calculating average values of daily soil conditions, the growing season was considered to end on Sep. 30 each year. In year 1, the growing season started at the time of planting, and in year 2, the growing season was considered to start on Apr. 27 when the first measurements were taken in the beds. Growing season length was 116 d in year 1 and 160 d in year 2.
. ANOVA for soil properties, with observed mean squares in bold and P values for F-test in parentheses
The experiment was undertaken as a completely randomized split-plot design with three levels of both the main-plot factor -soil water regime (dry, moist, wet) and split-plot factor -soil compaction (high, medium, low). The effects of the two factors on soil parameters and seedling growth were analyzed by ANOVA using SAS Proc GLM (SAS Institute, Inc. 1989), which allows for unequal replication of treatments, and differences among means were tested using Duncan's Multiple Range test (Steele and Torrie 1980) . Relationships among parameters were also examined by linear regression using the cell mean values (i.e., the mean determined for 40 seedlings within each cell) for each replicated treatment (n = 24).
RESULTS

Soil Conditions
The compaction treatments had significant effects on bulk density, total porosity, and AWSC (Table 2 ). For the low (i.e., no) compaction treatment, bulk density and AWSC were lower and total porosity was higher than for the high and medium compaction treatments, which were not statistically distinct from one another. The low, medium, and high levels of compaction had average RBD values of 75.0, 79.2, and 81.5 %, respectively.
The soil water treatments did not affect bulk density, but other properties were affected, including field capacity and wilting point (Table 2) . Water treatments had significant effects on average daily water content and on the calculated dynamic soil properties including average daily air-filled porosity and average daily soil mechanical resistance (Table 2) . Average daily air-filled porosity was lower for compacted soils. Average daily soil mechanical resistance was greater in soils subjected to the medium and high compaction treatments, compared with the low compaction treatment (Table 2) . Soil mechanical resistance was strongly affected by both water content ( Fig. 1 ) and bulk density (Fig. 2) . Water content had more effect on soil strength in compacted soils, and the effect of bulk density on soil strength was greatest where soils were dry.
Water Content and LLWR
The LLWR was smaller for soils subjected to the high compaction treatment, compared with those from low and medi- um compaction treatments (Fig. 3) . Figure 4 illustrates the variation in soil water content during the two growing seasons for soils receiving the high and low compaction treatment. In year 1, water content under the wet treatment often approached the level where aeration was expected to be limiting, but over the life of the study, the critical limit for airfilled porosity was exceeded less than 10% of the time. Water content in the dry treatment was often below both the wilting point and the water content associated with soil mechanical resistance in excess of 2500 kPa.
Over the length of the experiment, both compaction and water regime had significant effects on the number of days where growing plants were limited by mechanical resistance, aeration or water availability (Table 3) and on D LC , with the low compaction treatment having fewer D LC than either the medium or the high compaction treatments, which did not differ from each other. The wet irrigation treatment had fewer D LC than the moist or dry treatments, which did not differ from each other. Although significant differences were observed in the number of days when plant roots were expected to be limited by aeration, the treatments were less effective at exceeding critical limits for this parameter compared with soil mechanical resistance and water deficit.
Tree Growth
In the first year, all of the tree performance parameters had significant responses to both compaction and water regime (Table 4) , with the exception of height growth in response to compaction, and survival in response to water. After 2 yr, trees had higher survival rates and greater height under the low compaction treatment (Table 4) , and where soils were maintained at higher levels of soil water. In general, differences between the mean values of growth parameters for the low compaction treatment versus the medium and high treatments were significant, but the differences between the medium and high compaction treatments were smaller, and usually not significant. Height was not affected by water treatment after 2 yr. Seedling top weight, root plug weight and egressed root weight increased with increasing soil water, and under low compaction, compared with the medium and high compaction treatments. Significant linear relationships were observed between soil mechanical resistance and most growth parameters (Table 5) . Linear relationships were also significant between the number of days with soil water potential less than -1500 J kg -1 (wilt days) and root collar diameter and root egress, but not survival or other growth measures. Aeration status was not significantly related to survival or growth. The relationship between height growth and D LC was not significant, but other measures of seedling performance were significantly related to D LC . The relationships between soil water, mechanical resistance, and aeration and seedling survival and root egress are shown in Figs. 5 and 6 , respectively. The strong and significant relationships between D LC and both survival and root egress are shown in Fig. 7 .
Regressions involving the D LC were generally no stronger than those using only the average daily values of soil mechanical resistance. Such calculations may have proved more useful for integrating the effects of the various factors if we had achieved a greater effect of aeration limitation through the treatments. Also, many trees growing in the wet beds displayed chlorosis which did not appear to greatly influence survival or height during the 2-yr duration of our experiment, but may have affected seedling performance had the experiment been run over a longer time frame. Siegel-Issem et al. (2005) also observed chlorosis where seedlings were exposed to high levels of soil water.
DISCUSSION
The RBD values near 81% that we observed to cause reduced tree survival and growth for lodgepole pine on our highly compacted soils were lower than those (84 to 89%) that were associated with reduced grain yield for a fine sandy loam (Carter 1990 ). Different study designs (raised beds versus tilled fields), crops (grain versus trees), or soils (sandy clay loam screened material versus sandy loam) could account for this discrepancy. We do not expect the differences to reflect inherent soil characteristics such as organic matter content, and perhaps texture, because the use of RBD is an attempt to normalize such effects.
The values of RBD we associate with reduced growth were also lower than expected values that have been presented elsewhere (da Silva and Kay 1997; Hakansson and Lipiec 2000) . However, these authors used a uniaxial compression test to determine the reference bulk density. The resulting RBDs are higher than those determined using the Proctor test to determine the reference bulk density, as we, and Carter (1990) , have done.
Compaction increased the AWSC, and reduced the LLWR. Previous work has shown that the LLWR in degraded soils can be defined either by air-filled porosity, by soil mechanical resistance, or both (da Silva et al. 1994; da Silva and Kay 1997) . For a clay loam soil with similar organic matter content to the soil used in our study, da Silva and Kay (1997) showed that as bulk density increased, limitations imposed by air-filled porosity affected LLWR before limitations imposed by soil mechanical resistance. Siegel-Issem et al. (2005) showed that aeration was more likely to be the first factor reducing LLWR as bulk density increased for sandy loam and silt loam soils, which is unexpected for coarse-and medium-textured soils, but these authors used a flat-tipped penetrometer rather than the standard coneshaped tip so the results may not be directly comparable to our study. For the sandy clay loam soil we studied, apparent limitations of both aeration and soil mechanical resistance began to affect the LLWR at intermediate bulk density, but these effects were not as great as the increased AWSC in response to moderate compaction. Soil mechanical resistance appeared to have greater effect at high bulk density. These findings could suggest that soil properties other than texture and organic matter content can affect the response of LLWR to compaction, especially for soils developed under different climate and vegetation.
Soil mechanical resistance increased rapidly in response to increased compaction and low water content. Mapfumo and Chanasyk (1998) observed lower values of soil mechanical resistance for a clay loam soil packed to similar densities as the soils in our study. These authors used a large cone (basal area 3.2 cm 2 ) compared with the one we used (basal area 0.12 cm 2 ). Our results were more similar to those of Zou et al. (2000) who also used a small penetrometer with cone basal area of 0.03 cm 2 and da Silva and Kay (1997), who used a penetrometer with cone basal area of 0.12 cm 2 , which suggests that cone size or other factors may have affected the reported soil mechanical resistance. For evaluating the effects of soil mechanical resistance on plant roots exploring the important fine fraction of soils, use of the small penetrometer, of a size closer to that of fine roots, seems appropriate.
In a short-term study, Conlin and van den Driessche (1995) showed that compaction had a small and variable effect on seedling height, but that other responses included decreased needle length, root dry weight, and net photosynthesis. Our results showed reduced survival after two growing seasons, which may reflect the longer-term implications on seedling survival and we observed similar differences in root growth as those observed by Conlin and van den Driessche (1995) . For these reasons, and also because of the possible longer-term implications of the chlorosis we observed for trees exposed to wet soil conditions, short-term results should be used with caution for making recommendations associated with management of long-lived crops such as trees.
The relationships we observed for average soil mechanical resistance, air-filled porosity, water deficit and D LC with seedling performance demonstrate that the growth-limiting factors included in the LLWR concept were adequate for describing the results of our experiment, but did not contribute improved relationships beyond what was obtained using average soil mechanical resistance alone. The conditions present during our experiment, where soil mechanical resistance appeared to have the greatest effect on seedling performance, did not require such an analysis, especially considering that the beds were irrigated so water storage capacity and field capacity did not influence seedling performance. A major benefit of the LLWR concept, however, is that it allows the effects of several growth-limiting factors to be integrated into a single parameter. Where plant growth is expected to be influenced by multiple factors, the concept could prove more useful.
Because our measures of seedling performance reflect the cumulative response of trees to conditions present over the entire length of the experiment, we cannot know how the day-to-day variation in growth-limiting factors affected the trees. Water content varied rapidly in our raised beds, and the variation was not fully controlled or documented. Even short periods of severe plant water deficit may have been sufficient to cause seedling mortality or loss in vigour, but we were unable to track such effects. If measurements of water content were available for shorter timeframes, and if periodic destructive sampling could be carried out to evaluate root growth, the relationships between D LC and growth parameters may be improved, and better interpretations of plant growth processes in compacted soils may result. Despite this, the LLWR concept might still prove useful for making management-oriented interpretations for forestry sites without accounting for the short-term variation.
Average values of soil mechanical resistance estimated from the bulk density and daily water content were significantly related to seedling survival and root egress, two key measures of performance. The utility of the critical limit was evaluated by comparing the relationship between the average values and growth with the relationship for days above Wilt days = number of days with soil water potential less than -1500 kPa. y Soil mechanical resistance days = number of days with soil mechanical resistance greater than 2500 kPa.
x Aeration days = number of days with aeration porosity less than 0.10 m 3 m -3 . *, **, *** Significant at P < 0.05, P < 0.01 and P < 0.001, respectively; NS, not significant (P > 0.05).
the critical limit and growth. In the case of soil mechanical resistance, the two regressions had similar strength, so we infer that the critical limit is a useful concept, or at least it does not detract from the interpretations. Despite this, the scatter plots in Figs. 5 and 6 indicate that a continuum of response may be a more accurate description of the strength effect than a threshold (i.e., 2500 kPa or some other value) beyond which growth ceases. Even if the response is a continuum, the use of a critical limit may still be appropriate for management purposes to describe an (arbitrarily) acceptable growth loss, or for use as a predictive tool to evaluate management impacts.
The non-significant relationships among air-filled porosity and measures of growth may reflect the fact that air- Table 5. filled porosity in the wet beds was often higher than the critical limit of 10 m 3 m -3 . Despite this, the seedling chlorosis we observed in wet beds suggests that restricted aeration might have affected seedling performance if the experiment had been allowed to run over a longer time period. Feng et al. (2002) suggest that the oxygen diffusion rate (ODR) is a more reliable index of soil aeration than air-filled porosity, and these authors also show that the relationship between ODR and air-filled porosity varies with soil type. Feng et al. (2002) suggest that 10 m 3 m -3 air-filled porosity may be sufficient to ensure aeration in coarse-textured soils, but not in fine soils. In this context, the usefulness of the LLWR con- Table 5. cept may be enhanced by using soil-specific criteria for the critical limit affecting aeration.
For soil water content, the non-significant linear regressions between average water content and all seedling performance measures were marginally improved by employing the -1500 J kg -1 critical limit, which had weak, but significant relationships with root collar diameter and root egress. This suggests that the critical limit concept may also have some utility for describing limitations of water availability, and that -1500 J kg -1 of water potential may be an appropriate limit. Even in this case where the critical limit concept provided slightly improved interpretations, it is appropriate to view such limits as an operational tool, rather than a physiological threshold, especially considering that we presented the growth-limiting factors as averages rather than continuous data.
The LLWR concept, which focuses on whether conditions are within or outside growth limiting ranges, could have application as an evaluation tool where general interpretations are needed regarding soil conditions for a broad Table 5. range of soil types and ecological conditions. By evaluating LLWR, and with some knowledge of the local climate factors such as water deficits, it may be possible to infer expected limitations that arise throughout a typical growing season, because soils with reduced LLWR will tend to reach limitations sooner as soil water content varies (Gomez et al. 2002) .
SUMMARY AND CONCLUSIONS Soil compaction and water content affected the growth of lodgepole pine seedlings after 2 yr, with reduced seedling performance on compacted soils, and where soils were maintained in a dry state. Survival was reduced by approximately 40%, and seedling top weight was reduced by approximately 50% in response to the most severe compaction and water treatments.
The effect of compaction was not eliminated by changes in water regime, but our results illustrate how, under "ideal" conditions of water content, should they occur in operational situations, the negative effects of soil compaction on the growth of trees could be partly mitigated. The results also illustrate how climate and soil conditions can interact to produce tree growth responses. Such information is particularly relevant for forest managers trying to evaluate the effects of compaction on forest productivity in a time of changing climate, and where soil and climatic conditions are highly variable, as in the mountainous landscapes of British Columbia.
Commonly accepted limits for describing growth limitation associated with soil mechanical resistance and water availability appear to be broadly suitable for describing survival and root growth of lodgepole pine, but should not be used without an understanding of the factors that could affect the interpretations. For our study, the LLWR concept did not improve descriptions of seedling performance over those based on soil mechanical resistance alone, likely reflecting the large influence of the soil mechanical resistance and its correlated factor of water content on seedling performance. Despite this, the LLWR concept could prove useful for predicting productivity where the full range of limiting factors associated with it can influence results, for example, trees growing on compacted soils on wet sites could be affected by both soil mechanical resistance and aeration. Such sites represent a difficult challenge for forest soil conservation practitioners in many areas.
